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ABSTRACT
We describe an extension of the halo-based galaxy group-finding algorithm that adds freedom to
the algorithm to more accurately determine which galaxies are central and which are satellites and to
provide unbiased estimates of halo masses. We focus on determination of the galaxy-halo relations for
star-forming and quiescent galaxies. The added freedom in the group-finding algorithm is self-calibrated
using observations of color-dependent galaxy clustering, as well as measurements of the total satellite
luminosity in deep imaging data around stacked samples of spectroscopic central galaxies, Lsat. We
test this approach on a series of mocks that vary the galaxy-halo connection, including one mock
constructed from UniverseMachine results. Our self-calibrated algorithm shows marked improvement
over previous methods in estimating the color-dependent satellite fraction of galaxies. It reduces the
error in logMh for central galaxies by over a factor of two, to . 0.2 dex. Through the Lsat data, it can
quantify differences in the luminosity-to-halo mass relations for star-forming and quiescent galaxies,
even for groups with only one spectroscopic member. Thus, whereas previous algorithms cannot
constrain the scatter in Lgal at fixed Mh, the self-calibration technique can provide a robust lower
limit to this scatter.
Keywords: galaxies—groups: galaxies—halos
1. INTRODUCTION
Galaxy group catalogs are one of the key tools for
advancing our knowledge of galaxy formation and evo-
lution (e.g., Huchra & Geller 1982; Eke et al. 2004; Yang
et al. 2005; Berlind et al. 2006; Robotham et al. 2011;
Tinker et al. 2011; Gerke et al. 2012). To robustly in-
terpret the spectrum of galaxy properties, it is critical
to understand which galaxies are central in their dark
matter halo, and which are satellites orbiting within the
halo potential. Armed with this ability to decompose
the galaxy population in the local universe into popula-
tions of central and satellite galaxies, for example, Peng
et al. (2012) found that the correlations of galaxy color
with environment were driven by the rising fraction of
satellite galaxies in high-density regions, and that the
colors of central galaxies were nearly independent of en-
vironment (see also, Blanton & Berlind 2007; Tinker
et al. 2008, 2011, 2017; Wang et al. 2018).
This central-satellite decomposition afforded by group
catalogs has had other notable successes in our un-
derstanding of galaxy formation. This knowledge has
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yielded quenching timescales of satellite galaxies (Wein-
mann et al. 2010; Wetzel et al. 2013a), and central galax-
ies (Hahn et al. 2017). Groups catalogs have provided
a model-independent confirmation of the Halo Occupa-
tion Distribution description of galaxy bias (HOD; Yang
et al. 2008) as well as observational constraints on the
stellar-to-halo mass relation (SHMR; see the recent re-
view of the galaxy-halo connection by Wechsler & Tin-
ker 2018). The information they provide is one of the
primary methods of investigating the galaxy-halo con-
nection and providing tests of galaxy formation models
(e.g., Henriques et al. 2017; De Lucia et al. 2019).
Although many different definitions of galaxy groups
exist in the literature, the definition that best facilitates
these results is that a group of galaxies is a set of galaxies
that occupy a common dark matter halo. In this vein,
the true purpose of a galaxy group finder is not finding
groups of galaxies, but rather to find dark matter halos
and identify which galaxies reside are their centers.
Despite the many successes of modern group find-
ers, significant problems in their efficacy hinder further
progress. In this paper we will address several of these
issues to construct a new group finding algorithm. All
group findering algorithms contain within then free pa-
rameters. Usually, these parameters are calibrated on
mock galaxy distributions. However, this means that
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the calibration of the group finder is sensitive to the de-
tails of the mock construction and the physical realism
of the mock. Our solution is to add extra freedoms to
the group-finding algorithm that directly address their
current limitations, and then self-calibrate these param-
eters through independent observations that indirectly
probe the galaxy-halo connection, such as clustering and
cross-correlations with deep imaging data.
1.1. Problems in Current Group Finders
Group finding algorithms typically fall into two classi-
fications: percolation-based finders and halo-based find-
ers. Percolation-based finders use the friends-of-friends
algorithm to link together galaxies in a group. This ap-
proach was first used on spectroscopic survey data by
Huchra & Geller (1982), and then further implemented
on large-scale galaxy redshift surveys in 2dFGRS (Eke
et al. 2004), SDSS (Berlind et al. 2006), and GAMA
(Robotham et al. 2011). Halo-based algorithms, devel-
oped by Yang et al. (2005), use our theoretical knowl-
edge of propreties and statistics of dark matter halos
to infer membership probabilities of central and satel-
lite galaxies. We focus here on improving the halo-
based group finding algorithm, but we note that many of
the issues we will discuss are found in percolation-based
methods as well. Campbell et al. (2015) detailed many
failures of both approaches, especially in the context
of understanding the galaxy-halo connection for galaxy
samples broken into star-forming and quiescent samples.
1. Impurities and incompleteness in satellite galaxies.
Given the fact that we don’t know the true distance to
galaxies in a redshift survey, it is impossible to achieve
perfect purity and completeness when assessing which
galaxies are satellites within a sample. These errors
are magnified when separately quantifying the satellite
fractions, fsat, of red and blue galaxies. Satellites have
a higher quenched fraction relative to central galaxies
(Scranton 2002; van den Bosch et al. 2003; Zehavi et al.
2005, 2011; Weinmann et al. 2006; Wetzel et al. 2012).
This is due to a number of physical mechanisms that
can heat, strip, or cut off the gas supply of the satel-
lite galaxy, none of which are available to central galax-
ies that exist in field halos. Thus, when galaxies are
misclassified, this leads to an underestimate of the red
satellite fraction and an overestimate of the blue satel-
lite fraction, even if the overall fsat is accurately gauged.
When trying to compare theoretical models to observed
group data, one solution to this problem is to forward
model the theory by constructing a mock galaxy sample
and passing it through the group finder, as done in Wet-
zel et al. (2012, 2013b) and Calderon et al. (2018). This
is a cumbersome process and it not always available if
the theory is not applied to a simulation.
2. Estimating halo masses for sub-classes of central
galaxies. Most current group finders of both varieties
rely on the total luminosity or stellar mass within a
group to estimate the halo mass. In this method, the as-
signed halo masses follow the rank-ordering of the group
luminosities. This becomes a problem when the SHMR
of one class of galaxies differs is a systematic way to that
of another class of galaxies.
Due to the fact that blue galaxies increase their stellar
mass over time, while red galaxies are largely stagnant
after their arrival on the red sequence it is possible that
red and blue subsamples have different SHMRs. Fur-
ther, the compilation of recent analyses of the red and
blue SHMRs in Wechsler & Tinker (2018) shows that
there is no consensus in the community on this ques-
tion.
The way this introduces errors into the group-finding
process is as follows: The central galaxy dominates the
total luminosity and stellar mass of the group for halo
masses below ∼ 1014 M (Yang et al. 2003; Tinker et al.
2005; Vale & Ostriker 2006; Sheldon et al. 2009; Leau-
thaud et al. 2012; Tinker et al. 2019a), even though it
may have a number of satellite galaxies. Thus, in the
rank-ordering of total group luminosities, groups with
red and blue central galaxies of the same luminosity will
be next to each other in the rank-order, and thus be
assigned the same dark matter halo mass, regardless of
the physical reality. As a consequence, group finders can
accrue errors of the host halo masses of nearly an order
of magnitude (Campbell et al. 2015).
3. No inclusion of the scatter between halos and cen-
tral galaxies. The scatter in the galaxy-halo connec-
tion is generally parameterized as a lognormal scatter
of M∗ at fixed Mh, with width σlogM∗ (or σlogL for
logLgal; see §4.3 in Wechsler & Tinker 2018 and refer-
ences therein). This approach is in reasonable agree-
ment with the results of hydrodynamic simulations and
semi-analytic galaxy formation models (Matthee et al.
2017). In the rank-ordering scheme of halo assignment,
the variation of M∗,cen at fixed Mh is perfectly corre-
lated with total stellar mass in the satellite galaxies, as
Mh is set by M∗,tot. Thus, when the number of members
in a group is reasonably large, the value of σlogM∗ in the
group catalog is non-zero but typically smaller than the
true value (Reddick et al. 2013; Cao et al. 2019). How-
ever, when the number of members is low, such that
the total group luminosity is dominated by the central
galaxy, the true scatter is entirely suppressed and cen-
tral galaxies with the same luminosity will be assigned
the same halo mass. Thus the value of σlogM∗ in the
catalog approaches zero.
1.2. Toward a group finder that solves these problem
All galaxy grop finders have free parameters. For
the Yang et al. (2005) algorithm, the unknown quan-
tity is the threshold probability above which a galaxy
can be considered a satellite of a larger halo, Bsat. For
the percolation algorithms of Berlind et al. (2006) and
Robotham et al. (2011), it is the linking lengths for pro-
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jected separation and line-of-sight separation between
neighboring galaxies. In these cases, these unknowns
are calibrated on mock galaxy catalogs. Thus, the val-
ues that are used to analyze real data are dependent on
the details of the mock construction.
Although our knowledge of the galaxy-halo connec-
tion for luminosity or stellar mass is robust, when ex-
tended to secondary galaxy properties, such as color,
star formation rate, morphology, or size, many differ-
ent choices can be made. For galaxy color and star-
formation rate, the mechanisms that influence galaxy
growth and quenching are not fully known. Whether
halos play an active or passive role in these processes
is a current area of debate. For example, one may con-
struct toy models in which central galaxy quenching is
only a function of halo mass, or one in which quenching
of these galaxies is entirely a function of galaxy stellar
mass. These models will yield different SHMRs, even if
they match observed quenched fractions. Additionally,
there are number of ways to parameterize the quench-
ing of satellite galaxies as well. Thus, the calibration of
group finding free parameters on mocks may influence
the end results.
The alternative we explore here is to bring in external
data with which to self-calibrate the group finder’s free
parameters. The primary output of a group finder is
the statistical relationship between halos and galaxies—
the mean number of galaxies as a function of halo mass
and galaxy properties. If the group finder has done its
job effectively, then the halo occupation function (HOD)
estimated by the finder is representative of reality. A
straightforward method of testing this is to populate
the halos in a simulation with the occupation function
derived by the group catalog, and compare the resulting
galaxy clustering to that measured in the actual data. If
the occupation function is wrong–for example, it under-
predicts the fraction of red galaxies that are satellites—
then the clustering will be different than the observa-
tions. This approach is related to that taken by Sinha
et al. (2018), in which they use a group finder to con-
strain the free parameters of the HOD. In our approach
the HOD is non-parametric, but the free parameters are
within the group finder itself.
Clustering, however, provides limited influence on the
mapping between luminosity and halo mass for central
galaxies in halos of Mh . 1013 M. Other information
is required to decide if a central galaxy lives in a halo
of Mh ∼ 1011.5 M, or occupies a somewhat larger 1012
M halo, neither of which are likely to have any satellite
galaxies in the spectroscopic sample being analyzed.
To address this issue, we incorporate new results of
the total satellite luminosity around central galaxies,
Lsat, from Tinker et al. (2019a) and Alpaslan & Tin-
ker (2020). The Lsat statistic cross-correlates central
galaxies with faint imaging catalogs, far fainter than
the spectroscopic limit of the SDSS Main Galaxy Sam-
ple (MGS; Strauss et al. 2002). These data supple-
ment the spectroscopic data, filling in the gaps of our
ability to connect galaxies to halos. Alpaslan & Tin-
ker (2020) demonstrated that, at fixed stellar mass,
galaxy secondary properties show strong correlations
with Lsat, implying that dark halos influence these prop-
erties. This result agrees with recent weak lensing re-
sults of KiDS+GAMA, in which directly measured cor-
relations between halo mass and galaxy secondary prop-
erties at fixed stellar mass (Taylor et al. 2020).
One key result of Alpaslan & Tinker (2020) is that
stellar mass does not contain the most information
about Lsat, and, by extension, Mh. In all cases, r-band
absolute magnitude, Mr, of the central correlated best
with Lsat. Combined with persistent theoretical uncer-
tainties in estimating stellar masses (e.g., Lower et al.
2020), and the difficulty in of creating volume-limited
samples that are complete in stellar mass, these results
lead us to use r-band luminosity, Lgal, as our primary
quantity to map between galaxies and halos. In analogy
with the SHMR, our main quantities of interest are (1)
the luminosity-to-halo mass relation, LHMR, when bro-
ken into star-forming and quiscent samples, and (2), the
fraction of each sample that are satellites. For brevity,
we will use “blue” and “red” to refer to these types of
galaxies.
In §2, we will describe the mocks that we use to test
out new algorithm. In §3, we will review the current
halo-based group-finding algorithm, and present our ex-
tensions to a self-calibrated model. In §4, we will show
the performance of our algorithm in recovering unbiased
values of the LHMRs, fsat values, and σlogL values. We
will summarize and discuss prospects for application of
this algorithm in §5. Most results here use the high res-
olution Bolshoi-Planck cosmological N-body simulation
(Klypin et al. 2016).
2. MOCK CONSTRUCTION
To test whether our self-calibration can work in myr-
iad galaxy-halo connections for red and blue subsamples
of galaxies, we have compiled a set of three mocks with
different properties. In addition to two mock we con-
structed, we have also applied our algorithm to public
catalogs from UniverseMachine (Behroozi et al. 2019).
We use more than one mock because we want to test
different LHMRs, different satellite abundances, and dif-
ferent input physics.
Both in-house mocks are constructed using the
Bolshoi-Planck simulation (Klypin et al. 2016). We use
the abundance matching technique to assign galaxy lu-
minosity to dark matter halos. We use Mpeak as the
halo quantity to match to Lgal. The simulation volume
is 250 h−1Mpc per side, yielding a volume-limited angu-
lar sample that extends to a redshift of z = 0.085 with
a footprint of 1/8th of the full sky, or ∼ 5200 deg2. The
mocks include all galaxies down to logLgal = 8.66 in the
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Figure 1. The correlation between Lsat and σv for a bin
in galaxy stellar mass. Points with errors are taken from
Alpaslan & Tinker (2020). The multi-colored curves show
theoretical models that vary the correlation between Mh and
σv at fixed M∗. In order to match the observations, the cor-
relation needs to have r2 & 0.9, implying that σv contains
significant information about Mh. These results are the mo-
tivation behind the inclusion of the hypothetical secondary
galaxy property, χ, in MockB.
r-hand in solar units1, equivalent to Mr−5 log h = −17.
This is substantially more volume than is achievable at
this magnitude limit in SDSS, but matches the depth
of the ongoing Bright Galaxy Survey within the Dark
Energy Spectroscopic Instrument Survey (DESI-BGS;
DESI Collaboration et al. 2016), as well as the upcom-
ing WAVES-Wide survey (Driver et al. 2016).
The mocks test a variety of situations that could plau-
sibly arise, even though they are not necessarily repre-
sentative of the actual SDSS galaxy distribution. In
MockA, the galay-halo connection for red and blue
galaxies are substantially different, as is the resulting
measurements of Lsat—at fixed halo mass, the blue
galaxies are more massive than the red galaxies, while
at fixed Lgal, Lsat for red galaxies is higher. In MockB,
the galaxy-halo connections for red and blue galaxies
are different but the Lsat measurements are the same. In
MockUM, the mock created from UniverseMachine,
the galaxy-halo connections are the same, but the Lsat
measurements are different.
The mock data on which our tests of the group finder
are based—namely, the projected correlation function
and the color-dependent Lsat measurements—will be
presented in §4 with the results of the tests.
1 We use a SDSS r-band absolute magnitude of the sun of 4.65.
2.1. Total Satellite Luminosity
As discussed in the introduction, one of the main en-
hancements to the standard group finder in the inclusion
of information from Lsat measurements. The number of
subhalos within a halo, and thus the total amount of
light in satellite galaxies, scales nearly linearly with the
host halo mass. At low halo masses, where the average
number of spectroscopic galaxies within a group is ex-
pected to be < 2, Lsat brings extra constraining power
on the halos of these galaxies.
The procedure for measuring Lsat is detailed and
tested in Tinker et al. (2019a). Central galaxies from
the spectroscopic MGS sample are cross-correlated with
galaxies within the deep imaging of the DESI Legacy
Imaging Survey (DLIS; Dey et al. 2019). The DLIS
data is ∼ 6 magnitudes fainter in the r-band than the
MGS sample limit, making the imaging data capable of
detecting satellite galaxies around the faintest of MGS
central galaxies.
Without redshift information for the DLIS galaxies,
satellites cannot be found in individual halos. Rather,
Lsat is measured for stacked samples of central galax-
ies by subtracting the estimated background number of
imaging galaxies projected along the line of sight. To
impose minimal priors on the measurement, Lsat is eval-
uated in a fixed comoving aperture around each central
galaxy of 50 h−1kpc.
Alpaslan & Tinker (2020) used these measurements
to quantify the correlation between Lsat and secondary
galaxy properties—i.e., size, velocity dispersion, color,
morphology, etc—at fixed galaxy stellar mass. If these
parameters correlated only with M∗ and not with the
host dark matter halo, then no correlation would exist
with Lsat, but correlations were found with nearly all
galaxy properties. An example of these results is shown
in Figure 1, which we discuss further in §2.3. One of
the key results is that star-forming and quiescent cen-
tral galaxies had different Lsat values at fixed M∗. These
measurements were consistent with the lensing measure-
ments of Mandelbaum et al. (2016), in which red galax-
ies occupied higher mass halos than blue galaxies of the
same M∗. The Lsat results indicated that this bimodal-
ity, which is highly significant in the weak lensing for
galaxies with M∗ & 1010.5 M, shrinks for less massive
galaxies, such that faint red and blue galaxies have the
same Lsat values.
These data will be critical in the self-calibration of
the halo-based group finder. We note that, in order to
make these Lsat measurements, a group catalog is first
required in order to create a sample of central galax-
ies. For the purposes of these mock tests, we will use
the true centrals for the Lsat mock data. When imple-
menting on survey data, the process will have multiple
iterations: the first iteration will use the previous group
finder, and the second using the central galaxies from the
first implementation of the self-calibrated group finder.
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Figure 2. Observed properties of, and group finder fit to, MockA. The quartet of panels on left-hand side of the figure show
the projected correlation function in bins of r-band magnitude, for red and blue galaxies. To conserve space, we have not shown
the −17 bin, but the results are similar to the −18 bin. The measurements from the mocks are indicated by the points with
error bars; red and blue colors indicate red and blue galaxies. The solid curves are the best-fit self-calibrated group catalog. The
dotted curves show the prediction from the standard group finder, without self-calibration. The large panel on the right-hand
side shows the Lsat ratio between red and blue galaxies at fixed Lgal. Points and curves are the same as the clustering panel.
Figure 3. Left-Hand Panel: Satellite fraction, fsat, as a function of Lgal, for red and blue galaxies. Colored circles show values
from MockA. Dotted curves show the predictions from the standard group finder, which significantly underpredicts fsat for red
galaxies. This is consistent with the clustering of red galaxies predicted by the standard finder in Figure 2. The solid curves
show the predictions from the self-calibrated group finder. Right-Hand Panel: The galaxy-halo connection for red and blue
galaxies. Filled circles show the values from MockA. Solid curves show the predictions from the self-calibrated group finder.
As with fsat, we stress that this is a prediction of the model. The prediction from the standard group finder, shown with the
dotted curves, cannot distinguish the halos of red and blue central galaxies for Lgal . 1010.4 h−2L.
2.2. Mock A To assign luminosity to the halos and subhalos in
MockA, we use the Blanton et al. (2005) luminosity
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Figure 4. Left Panel: Relative weights assigned to blue and red central galaxies in the best-fit model for the three mocks.
These weights are used to determine the weighted total luminosity of the group, Ltot. The total luminosity is used in the
rank-ordering of groups to assign halo mass via abundance matching via Eq. (14). The lower x-axis shows the luminosity of
central galaxies in MockA and MockB, while the upper x-axis shows the stellar mass scale for MockUM. Right panel: The
best-fit model for the satellite threshold values for all three mocks. Line types, and x-axes are the same as the key in the left
panel. The standard value of Bsat = 10 is shown with the gray line.
function. The Blanton measurement is corrected for in-
completeness of low-luminosity galaxies caused by their
low surface brightness, which is critical for estimating
Lsat robustly. The completeness corrections increase the
amplitude of the luminosity function by a factor of 3 at
r-band magnitudes of Mr − 5 log h ∼ −15. We use a
scatter in logLgal at fixed Mpeak, σlogL, of 0.2 dex.
Galaxies are assigned to be red and blue based on
their luminosity and whether they are central or satel-
lite. We set the probability that a given central galaxy
is quenched to be
Pq(Lgal|cen) = 0.5
[
1 + erf
(
logLgal − 9.9
0.7
)]
(1)
where q indicates “quenched” and erf is the error func-
tion. This fitting function is calibrated to match the
quenched fraction of centrals from the Tinker et al.
(2011) catalog. The probability that a satellite galaxy
is quenched is
Pq(Lgal|sat) = 0.4
[
1 + erf
(
logLgal − 9.9
0.7
)]
+0.2. (2)
This function, also comparable to current group cata-
log results, sets a minimum quenched fraction of 20%
and ensures that the quenched fraction of satellites is
always higher than the quenched fraction of centrals at
all luminosities.
At this stage of construction, the LHRMs are the same
for central galaxies regardless of whether they are red or
blue. As a simulacrum of the Mandelbaum et al. (2016)
and Alpaslan & Tinker (2020) observations, we increase
the luminosities of the blue galaxies by a luminosity-
dependent factor,
∆ logLgal = 0.5
[
1 + erf
(
logLgal − 10.0
0.7
)]
. (3)
Eq. (3) only makes bright blue galaxies brighter, but
leaves faint blue galaxies unchanged. From the point
of view of halo occupation, this makes blue galaxies
brighter than red galaxies in massive halos, while pre-
serving the Lsat observations that blue rand red galaxies
have the same luminosities in lower-mass halos. Imple-
menting Eq. (3) on the mock alters the overall luminos-
ity function and quenched fractions to some degree, but
these modifications do not subvert the physical realism
of the mock—the quenched fraction still monotonically
increases with Lgal, and the quenched fraction of satel-
lites is always higher than that of centrals. The final
galaxy-halo relations and fsat values for this mock will
be presented in §4.1 and Figure 3, when we show the
group finder predictions for these quantities.
Galaxy clustering in the mock is measured for red and
blue subsamples in bins of logLgal. To follow the con-
vention of Zehavi et al. (2011) and other SDSS analyses,
we use bins of r-band magnitude, with lower limits be-
ing Mr − 5 log h = [−17,−18,−19,−20,−21], with each
bin being one magnitude wide. To estimate errors for
the wp(rp) measurements, we use the jackknife method,
dividing the plane of the sky into 25 roughly equal areas.
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Even though the volume-limited mocks are con-
structed with Mr−5 log h < −17, the abundance match-
ing calculation extends down to Mr − 5 log h < −14,
which is the magnitude limit of the Lsat data. Each
galaxy in the mock-spectroscopic sample is also assigned
a value of Lsat, using the same aperture size as in the
SDSS data. Because Lsat requires subhalos to be well-
resolved at low masses, artificial disruption of substruc-
ture is a concern. In tests with smaller-volume, higher
resolution simulations, we find a non-zero but small dif-
ference in Lsat for halos less massive than ∼ 1012 M
(Tinker et al. 2019b), but in the group-finding process
we do not attempt to fit the absolute values of Lsat—
rather, we fit the relative values of Lsat for red and blue
galaxies at fixed Lgal, L
red
sat/L
blue
sat . Using relative val-
ues will ameliorate many possible systematics that may
come into play; theoretical systematics such as numer-
ical resolution or artificial disruption of satellites (e.g.,
van den Bosch et al. 2018) should cancel, and observa-
tional systematics such as miscalibration between the
SDSS and DLIS photometry, or uncertainties in the
background subtraction to make the Lsat measurements,
will be attenuated as well.
2.3. MockB
MockB is constructed under the same framework as
MockA, but with many substantive changes in order to
test different aspects of the group finder. First, we use
the Sersic-profile r-band luminosity function of Bernardi
et al. (2013), rather than the Blanton et al. (2005) lu-
minosity function. The Bernardi luminosity function is
consistent with Blanton at the knee of the luminosity
function, but yields a much higher abundance of lumi-
nous galaxies. Thus the Bernardi LF yields a signifi-
cantly different LHMR at the massive end. The fit pro-
vided in Bernardi is not valid at lower luminosities, thus
we re-fit the Blanton two-Schechter functional form to
match the Blanton results at Mr − 5 log h > −18 and
match the Bernardi measurements and brighter magni-
tudes.
We incorporate a halo mass-dependent σlogL. In mas-
sive halos, Mh & 1013 h−1M, we set σlogL = 0.2
dex, in agreement with observations (Wechsler & Tin-
ker 2018). Below this mass, σlogL rises monotonically
with decreasing logMh, to σlogL = 0.35 at Mh = 10
11.0
h−1M. This rise in scatter is seen multiple hydro-
dynamic simulations and measured observationally by
Cao et al. (2019). Using lensing results to put a lower
bound on the scatter at Mh ≈ 1012 h−1M, Taylor
et al. (2020) also find that the scatter of M∗ at fixed Mh
is significantly higher than measurements at the group
and cluster scale. More than just incorporating these
new observations, it is of interest to determine if the
self-calibrating group finder can recover a mass-variable
scatter.
The quenched fractions of central and satellite galaxies
follow Eqs. (1) and (2), without any shifting of the
luminosities for blue or red central galaxies. Thus, when
binned by stellar mass, the LHMRs of the two galaxy
subsamples are the same. However, the situation when
binned by halo mass is quite different. At fixed Mh,
there is a distribution of Lgal. But the Eq. (1) depends
on Lgal only, thus quenched galaxies at fixed Mh are
more likely to be brighter than average. Thus, when
plotted as a function of Mh, the LHMRs for red galaxies
is shifted above that for the blue sample.
As we will demonstrate, the standard group finder
does not have the constraining power to determine that
the galaxy-halo connections are different for red and
blue galaxies in MockB. Indeed, using clustering in-
formation and the relative Lsat values of of blue and red
galaxies does not provide sufficient constraining power.
The last observable included in the mocks, which we
only incorporate in MockB, provides this information.
This observable is the correlation between Lsat and
a secondary galaxy property at fixed Lgal for central
galaxies. Our motivation for including these data come
from the results of Alpaslan & Tinker 2020, which show
strong correlations of Lsat with secondary galaxy prop-
erties at fixed M∗. An example of this is shown in Fig-
ure 1, for stellar velocity dispersion, σv. The points
with errors show the measurements for central galax-
ies in SDSS. The steep slope implies that σv holds sig-
nificant information about the halos around them. As
a demonstration of this, the solid curves show model
curves that use conditional abundance matching (Hearin
& Watson (2013); Hearin et al. (2014)) to match σv to
Mh at fixed M∗, after abundance matching M∗ onto Mh
with σlogM∗ = 0.2. Different curves show how different
correlations between Mh and σv yield different slopes to
the Lsat-σv relation. To reproduce the observations, the
coefficient of determination, r2, must be close to unity.
For the purposes of these tests, the galaxy property
shall remain hypothetical, referred to as X. Further,
we make our mock measurements as a function of the
normalized parameter χ ≡ (X − X¯)/σX . As with the
Lredsat/L
blue
sat measurements, we also only use Lsat relative
to the mean value, i.e., Lsat(χ|Lgal)/Lsat(Lgal)
As with the example in Figure 1, we use conditional
abundance matching to incorporate a relationship be-
tween χ and Mh. The method used here is taken from
Appendix A in Tinker et al. (2018a). For convenience,
we assume that χ is normally distributed. In a narrow
bin in logLgal, galaxies are sorted in ascending order
by Mh. We generate two Gaussian random variables
with zero mean and unit variance, G1 and G2. G1 is
sorted in ascending order, while G2 is left unsorted. For
a given galaxy in the sorted halo list, we assign χ by the
weighted sum of G1 and G2 such that
χ = G1 × r
2
R +G2 ×
(1− r4)1/2
R , (4)
where r is the correlation coefficient and R is a normal-
ization constant to preserve the unit Gaussian distribu-
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Figure 5. Observed properties of, and group finder fit to, MockB. This figure is analogous to Figure 2. The quartet of
panels on left-hand side of the figure show the projected correlation function in bins of r-band magnitude, for red and blue
galaxies. The measurements from the mocks are indicated by the points with error bars; red and blue colors indicate red and
blue galaxies. The solid curves are the self-calibrated group catalog result. The dotted curves show the prediction from the
standard group finder, without self-calibration. The large panel on the right-hand side shows the Lsat ratio between red and
blue galaxies at fixed Lgal. Points and curves are the same as the clustering panel. Because MockB is constructed to have no
difference in the observed Lsat values between blue and red galaxies, the group finder fit and the prediction of standard group
finder are nearly identical, and both are consistent with the mock data.
tion of χ. Because the scatter is lognormal in Lgal, it
will be approximately lognormal in Mh at fixed Lgal,
thus Eq. (4) correlates χ with logMh. If r = 1, then
χ = G1 and the random variables is perfectly correlated
with logMh. If r = 0, then χ = G2 and each galaxy
is assigned a χ randomly. For the mock, we measure
Lredsat/L
blue
sat for five bins in logLgal 0.5 dex in width, with
the bin centers at logLgal = [9.0, 9.5, 10.0, 10.5, 11.0].
Our fiducial version of MockB has r2 = 0.86, which
yields correlations between χ and Lsat that are consis-
tent with that seen in Figure 1, and other properties
investigated in Alpaslan & Tinker (2020). We also con-
struct versions of MockB with r2 = 1 and r2 = 0.71.
2.4. Universe Machine Mock
We use the public data release2 of UniverseMachine
DR1 for the z = 0 output of the Bolshoi-Planck simula-
tion. These data include halo mass, galaxy stellar mass,
and star formation rate. We therefore use M∗ rather
than Lgal as the base galaxy property to correlate with
Mh. To separate galaxies in red and blue subsamples, we
use the specific star formation rate, sSFR = SFR/M∗,
2 https://www.peterbehroozi.com/data.html
with a break point at log sSFR = −11, which cleanly
separates the two populations in SDSS data (Wetzel
et al. 2012; Hahn et al. 2017; Tinker et al. 2018a).
The public data release doe not include luminosity in-
formation, thus we assign values of Lsat to each halo
from the list of halos produced for MockA. For each
UM halo, we find the 20 halos from MockB closest
by their mass, and then select Lsat randomly from that
list of 20. We check this measurement of Lredsat/L
blue
sat by
comparing it to summing the stellar mass in satellites
within the same projected separation as Lsat measure-
ments, and find that M red∗sat/M
blue
∗sat is consistent with our
approach. We will quantitatively compare the two in
§4.5.
From the UM DR1 data, we construct a volume-
limited mock complete down to M∗ = 109.0 M. This
yields a galaxy number density that is 0.77 times that
of the luminosity-defined mocks. Clustering of the red
and blue subsamples is measured in bins of logM∗ that
are 0.5 dex wide, with the lower limit of each bin being
logM∗ = [9.0, 9.5, 10.0, 10.5, 11.0].
MockUM differs from the luminosity-defined mocks
in several important ways. First, although MockUM
is built upon the Bolshoi-Planck simulation, Behroozi
et al. (2019) employ ‘orphan’ satellites to track galax-
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Figure 6. Predicted quantities for MockB. Left-Hand Panel: Satellite fraction, fsat, as a function of Lgal, for red and
blue galaxies. Colored circles show values from MockB. Dotted curves show the predictions from the old group finder, which
significantly underpredicts fsat for red galaxies. The solid curves show the predictions from the self-calibrated group finder.
Right-Hand Panel: The LHMR for red and blue central galaxies. Filled circles show the values from MockB. Solid curves show
the predictions from the self-calibrated group finder. The inclusion of the χ-Lsat data, which we present in 7, give the algorithm
the constraining power to differentiate the LHMRs of red and blue galaxies. Dotted curves show the predictions of the standard
group finder, which lie directly on top of each other.
ies that reside in subhalos that have become numeri-
cally disrupted. Thus the overall number of satellite
galaxies will be higher in MockUM, as well as their
spatial distribution within their host halos. Second,
UniverseMachine uses empirical forward-modeling to
match observed galaxy statistics as a function of red-
shift, tracking individual halos as they evolve across
cosmic time. Thus, galaxy quenching is not a simple
function of Lgal as in MockA and MockB. Quench-
ing probability correlates with halo properties, including
mass and formation history.
As with MockA, we do not incorporate the galaxy
secondary parameter, χ.
3. GROUP FINDING METHODS
Here we outline both the original halo-based algo-
rithm, then describe the extensions to this algorithm.
We define halos as virialized, spherical objects such that
M∆ =
4
3
piR3∆∆ρ¯m. (5)
where ∆ is the mean overdensity of the halo and ρ¯m
is the mean matter density of the universe in comoving
units. Thus, the comoving radius of a halo is indepen-
dent of redshift at fixed mass. In this definition, ∆ is a
free parameter. So long as the choice is well-motivated
and consistent throughout all calculations, the results
and insensitive to the specific value of ∆. Here we choose
∆ = 200, thus Mh = M200.
We further assume that all halos follow the universal
density profile of Navarro et al. (1996) (NFW), which
parameterizes the profile through a single free parame-
ter, referred to as the scale radius of the halo, rs;
ρh(r) =
ρ0
(r/rs)(1 + r/rs)2
(6)
where ρ0 is a normalization constant determined by the
mass of the halo. The concentration of a halo is the
ratio of the halo radius to the scale radius, c∆ = R∆/rs.
Concentration and mass are weakly correlated with each
other, with a spread of ∼ 0.12 dex in log c at fixed Mh
(e.g., Bullock et al. 2001). We are not able to infer
concentrations of individual groups, thus we assume that
all halos fall on the mean concentration-mass relation of
Maccio` et al. (2008).
From the virial theorem, the velocity dispersion within
the dark matter within a halo is
σ2v =
GM∆
2R∆
(1 + z), (7)
where the factor of (1+z) converts comoving radius R∆
to physical units.
3.1. Basic Algorithm for the Halo-Based Group Finder
The basic algorithm employed by Tinker et al. (2011)
is presented here, which follows Yang et al. (2005), with
minor modifications. We expand on some of the steps
in the subsequent text as necessary.
1. Inverse-abundance match to assign initial halo
masses to galaxies, and label all galaxies as cen-
tral.
2. Sort galaxies by halo mass in descending order.
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3. In that order, for each central galaxy, determine
the membership probability of neighboring (lower-
luminosity) galaxies. If the probability is above a
threshold value, assign that neighbor as a satellite
to the central galaxy. If a central galaxy in the
list has been re-classified as a satellite of a brighter
galaxy, skip this step for that re-classified galaxy.
4. For each group, sum the total amount of luminos-
ity (or stellar mass).
5. Sort the groups by total luminosity in descending
order.
6. Assign halo masses to the groups by inverse-
abundance matching.
7. If the value of fsat is converged, then exit. Oth-
erwise, sort the central galaxies by halo mass and
return to step 3.
1. Abundance matching is a technique to assign galax-
ies to dark matter halos in simulations (Kravtsov et al.
2004; Vale & Ostriker 2006; Conroy et al. 2006; Wech-
sler & Tinker 2018). Here, we proceed in the opposite
direction—we assign halo masses to galaxies. In this
step, we use the simplest form of abundance matching,
expressed as∫ ∞
Lgal
Φ(L′gal) dL
′
gal =
∫ ∞
Mh
n(M ′h) dM
′
h, (8)
where Φ(Lgal) is the galaxy luminosity function and
n(Mh) is the halo mass function. By matching the
cumulative abundances of galaxies and halos, Eq. (8)
states that galaxies of luminosity Lgal reside in halos of
mass Mh. This implementation assumes no scatter be-
tween halo and galaxy properties, which we do not have
the power (yet) to constrain. When applying Eq. (8)
to all galaxies in a sample, the LHMR produced is a
poor approximation of the true relation at the the lumi-
nous end, but it is accurate enough to serve as a starting
point of the algorithm. It also has the benefit of taking
negligible computing time, in comparison to friends-of-
friends group finders or other percolation methods. At
this point in the algorithm, every galaxy is classified as
‘central’ for the purposes of group-finding.
3. The probability that a neighbor galaxy is a member
of a given group is separated into two components; one
based on the projected separation between the neighbor
and the central galaxy, and the line-of-sight separation
of the neighbor and central. The critical insight of the
Yang et al. (2005) algorithm is that we can bring in our
prior knowledge of dark matter halos from numerical
simulations to inform these choices.
We assume that satellite galaxies within a group are
spatially distributed the same as the dark matter within
the halo. Thus, we can use the NFW profile in Eq (6)
to quantify the relative probability that a neighbor with
separation Rp is satellite within a given halo. The pro-
jected probability, Pproj, is equal to the projected, nor-
malized NFW density profile, expressed by Yang et al.
(2005) as
Pproj(Rp) = 2rsδ¯f(Rp/rs) , (9)
where Rp is the comoving projected separation between
the central galaxy and the candidate satellite galaxy,
f(x) =

1
x2−1
(
1− ln
1+
√
1−x2
x√
1−x2
)
if x < 1
1
3 if x = 1
1
x2−1
(
1− atan
√
x2−1√
x2−1
)
if x > 1
, (10)
and
δ¯ =
200
3
c3200
ln(1 + c200)− c200/(1 + c200) . (11)
For an isothermal, isotropic velocity distribution of
satellites, with velocity dispersion given by Eq. (7), the
line-of-sight probability that a galaxy with redshift sep-
aration ∆z = zcen − z is
Pz(∆z) =
c√
2piσv
exp
[−(c∆z)2
2σ2v
]
, (12)
where c is the speed of light. For a galaxy with projected
separation Rp and line-of-sight separation ∆z from a
given central galaxy, we set the probability that it is
satellite as
Psat =
[
1− (1 + PprojPz/Bsat)−1
]
, (13)
where Bsat is a free parameter. In the Yang et al.
(2005) implementation, this parameter was calibrated
on mocks, with a value of Bsat = 10. This value was
also used in the Tinker et al. (2011) implementation.
If Psat > 0.5 then it is classified as a satellite for that
group. Psat is not a true probability, but rather a quan-
tity that correlates with our confidence the classification
of a given galaxy. The utility of having a continuous
variable for Psat is to construct ‘pure’ samples of cen-
tral galaxies, where one has higher confidence that each
galaxy in the sample is indeed a true central, at the cost
of some completeness of the sample.
6. Inverse-abundance matching to assign halo mass to
total group luminosity requires a minor modification of
Eq. (8) to∫ ∞
Lgrp
n(L′grp) dL
′
grp =
∫ ∞
Mh
n(M ′h) dM
′
h, (14)
where n(Lgrp) is the abundance of the groups.
3.2. Extension and Self-Calibration
To construct a self-calibrated group finder, we extend
the halo-based algorithm, and incorporate new data, in
three key ways.
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1. Allowing variability in Bsat: The threshold for as-
signing a galaxy to be a satellite within a group is set
by Eq. (13). We first break Bsat into separate values for
red and blue galaxies, Bsat,r and Bsat,b. Each of these
thresholds is then allowed to vary as a function of galaxy
luminosity:
Bsat,c = β0,c + βL,c(logLgal − 9.5), (15)
where the subscript c = r, b refers to the different color
samples, with r=red and b=blue.
Constraining power from the data: Eq. (15) gives us four
free parameters, two for red galaxies and two for blue.
The data most useful for constraining these parameters
are the projected correlation functions of red and blue
galaxies. wp(rp). As discussed in the introduction, if
the group finder has correctly assigned galaxies to ha-
los, then the halo occupation produced by the group
finder should accurately predict the clustering of galax-
ies. Two-point clustering, especially at scales of rp . 1
h−1Mpc, is especially sensitive to the fraction of galaxies
that are satellites, fsat. After fitting for wp(rp), to con-
firm that the group catalog is self-consistent, we check
that the catalog correctly reproduces the input value of
fsat as a function of Lgal for mock red and blue galaxies.
2. Weighting the luminosity of red and blue central
galaxies. To account for the fact that red and blue
central galaxies may have different luminosities at fixed
halo mass, we weight the central galaxy luminosity
when compiling the list of total group luminosities used
Eq. (14) to assign halo mass. The log of the weight
factor, wcen scales with luminosity as:
logwcen,c =
ω0,c
2
[
1 + erf
(
logLgal − ωL,c
σω,c
)]
, (16)
where c = r or b to indicate galaxy color. The form
of Eq. (16) affords maximum flexibility in the weight
factors. Positive and negative values of ω0 will either
upweight or downweight groups in the rank-ordered list.
The characteristic luminosity ωL allows galaxies to be
unweighted at either low or high luminosities, and σω
allows the weights to turn on abruptly, or to extend the
transition so wide that all galaxies in the sample receive
equal up- or down-weight. We implement Eq. (16) sepa-
rately for red and blue central galaxies, creating six free
parameters. Having separate weights for the two sam-
ples increases the flexibility further, allowing the relative
weights between the two to be non-monotonic. Because
we are less concerned with constraining the free param-
eters than constraining the LHMRs, many degrees of
freedom—which possibly create degeneracies in the pa-
rameter space—is not a concern.
Constraining power from the data: Most of the con-
straining power on wcen,r and wcen,b comes from mea-
surements of the Lredsat/L
blue
sat ratio. This quantity is
closely related to the ratio of host halo masses at fixed
Lgal. If this ratio deviates from unity, then these galax-
ies occupy different halos. This does not mean that the
LHMRs must be different—it may be that the LHRMs
are the same, but different values of σlogL may cause
differences in Mh when binned by Lgal.
Although some inference on wcen,r and wcen,b comes
from the clustering data, the constraining power of
wp(rp) for central galaxies is limited. Measurements of
clustering amplitude at large scales is often used to in-
fer halo mass, but for Mh . 1013 h−1M in the local
universe, the halo bias function flattens out, thus it is
difficult to infer much about central masses in the same
way that clustering can constrain satellite fractions.
3. Individual weights on based on secondary galaxy prop-
erties. Figure 1, demonstrates that individual prop-
erties of galaxies contain information about their host
halos at fixed Lgal. Motivated by these results, we in-
clude weight factors based on the hypothetical normal-
ized galaxy property χ, such that
wχ = exp(χ/ωχ). (17)
We further separate these weight factors for red and
blue galaxies, wχ,r and wχ,b, thus creating two new free
parameters, ωχ,r and ωχ,b. The exponential form of
Eq. (17) is motivated by the log-linear results in Figure
1. We separate red and blue galaxy samples because
the correlations between galaxy properties and Lsat are
usually different, and the properties themselves can vary
systematically between red and blue galaxies—for ex-
ample, in relation to Figure 1, at fixed M∗ blue galaxies
have lower σv than red galaxies. (See the extensive dis-
cussion in Alpaslan & Tinker 2020).
Constraining power from the data: These two weight
factors are primarily constrained by the measurements
described in MockB: Lsat(χ|Lgal)/Lsat(Lgal). Includ-
ing the wχ weights will change the scatter in the LHMR,
and can thus alter predictions for the Lredsat/L
blue
sat ratio,
as well as influence the large-scale galaxy bias for lumi-
nous samples of galaxies. But the influence of these data
is secondary.
3.3. Group Finding and Fitting Procedure
Our self-calibrated group finder has 12 free param-
eters. Four govern satellite occupation, six control the
relative LHRMs of red and blue central galaxies, and the
last two control individual weights on red and blue cen-
tral galaxies. These parameters are compiled together
in Table 1. To find the optimal parameters of the group
finder, we use the following data vector of observables
from the mocks described in §2:
• wp(rp) for red and blue galaxies in 5 bins of magni-
tude. Each measurement has 9 bins in rp, logarith-
mically spaced between rp = 0.1 and 10 h
−1Mpc.
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• Lredsat/Lbluesat for central galaxies, measured in 16 bins
of logLgal. Error bars are estimated using the
bootstrap resampling method.
• For MockB only: Lsat(χ|Lgal)/Lsat(Lgal) for cen-
tral galaxies, measured in 5 bins of logLgal. This
is done separately for both red and blue galaxies.
• For the UM mock, the number of data points is the
same as for MockA, but wp(rp) and Lsat quanti-
ties are binned in logM∗ as opposed to luminosity.
For a given set of parameters, the group finder is run
using the procedure outlined in the basic algorithm in
§3.1. The only change in the basic algorithm is in the
extra freedom in Bsat and the total luminosity of the
group that is used to rank-order the groups in the abun-
dance matching halo mass assignment. Under the new
algorithm, the group luminosity is
Lgrp = Lcen × wcen,c × wχ,c +
Nsat∑
i=1
Lsat,i (18)
,
where wχ = 1 MockA and MockUM. This yields a
label of ‘central’ or ‘satellite’ for each galaxy in the mock
sample, as well as an estimated halo mass. From this
catalog, we make predictions for all the quantities in the
list above.
For wp(rp), we measure the mean halo occupation
functions for red and blue galaxies in the same mag-
nitude bins for which wp(rp) is measured. These HODs
are tabulated separately for central and satellite galax-
ies. The halos of our N-body simulation are then popu-
lated according to these HODs, assuming a Poisson dis-
tribution for satellites and a Bernoulli distribution for
centrals. For each color and bin in Mr − 5 log h, we use
the corrfunc code to measure the group finder’s pre-
diction for wp(rp) (Sinha & Garrison 2020). We then
calculate the χ2 for each wp(rp) prediction.
For Lredsat/L
blue
sat , we assign a value of Lsat to each halo
from a tabulated list of the mean Lsat as a function
of Mh. This list is constructed from the same N-body
simulation used for wp(rp) prediction. We have tested
assigning each group catalog halo a value of Lsat from an
individual halo in the N-body simulation, but in prac-
tice find that this only imparts noise in the prediction
without changing the mean. After each halo in the cat-
alog has been assigned Lsat, we separate the red and
blue central galaxies and measure Lredsat/L
blue
sat in the same
manner as the mock observations.
For MockB, we use the Lsat values assigned to each
halo in the group catalog to measure Lsat/L¯sat in the
same manner as in the mock observations. The total χ2
for the data vector is then
χ2tot =
∑
r,b
Nbins∑
i=1
[
χ2wp,i + χ
2
χ,i
]
+ χ2Lr/Lb (19)
Figure 7. The correlation between Lsat and a hypothetical
normalized central galaxy property, χ, in MockB. This spe-
cific realization of MockB has a coefficient of determination,
r2, of 0.87. Each set of points shows the mock measurements
in bins of Lgal. The Lsat values are normalized by the mean
value of Lsat in the bin in Lgal. To differentiate the points
within each panel, we have added an offset to each Lgal bin.
Error bars are estimated using jackknife resampling. In each
panel, the solid curves show the results of the best-fit self-
calibrated group finder.
where Nbins = 5 is the number of luminosity bins, noting
once again that χ2χ is only included for MockB. We use
Powell’s method (e.g., Press et al. 1992) to minimize
χ2tot, yielding the best-fit galaxy group catalog for each
mock.
Although the primary results of this paper are based
on the Bolshoi-Planck simulation, we have found that
the results of the group finder are insensitive to which
simulation is used to make the predictions of the group
catalog. We have performed tests using different simu-
lations to make the group-finder predictions, including
the original Bolshoi simulation, which has different ini-
tial conditions and different cosmology, and the SMDPL
which has a larger volume as well as higher mass reso-
lution.
4. MOCK RESULTS AND RESULTS ON MOCKS
Before discussing the performance of the self-
calibrated group finder, we first describe the general
characteristics of MockA and the performance of the
previous halo based group finder, outlined in §3.1. We
refer to the previous algorithm as the ‘standard group
finder.’ We focus on the observable quantities—wp(rp)
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Table 1. Parameters of the Self-Calibrated Group Finder
Parameter Purpose Equation MockA MockB MockUM
β0,b blue satellite threshold Eq. (15)—Bsat,b 16.56 15.07 15.81
βL,b blue satellite threshold Eq. (15)—Bsat,b -0.01 0.31 1.36
β0,b red satellite threshold Eq. (15)—Bsat,r 7.74 9.46 9.86
βL,b red satellite threshold Eq. (15)—Bsat,r 5.58 5.14 6.36
ω0,b weight blue centrals Eq. (16)—wcen,b -1.13 0.76 -1.11
ωL,b weight blue centrals Eq. (16)—wcen,b 10.39 10.94 10.62
σω,b weight blue centrals Eq. (16)—wcen,b 0.93 0.78 0.73
ω0,r weight red centrals Eq. (16)—wcen,r -0.93 0.66 -0.78
ωL,r weight red centrals Eq. (16)—wcen,r 10.44 10.92 10.46
σω,r weight red centrals Eq. (16)—wcen,r 0.55 0.84 0.56
ωχ,b χ-property weight Eq. (17)—wχ,b — 1.60 —
ωχ,r χ-property weight Eq. (17)—wχ,r — 1.52 —
Note—MockB is the only mock that includes the measurements of the correlation between
Lsat and the normalized galaxy property, χ. Thus the values of ωχ,r and ωχ,b are only listed
for the fiducial version of this mock, which has r2 = 0.87.
Figure 8. The scatter of logLgal at fixed Mh, σlogL. The
filled circles show σlogL in MockB. The dotted curve shows
the results of the standard group finder, which is not able
to differentiate halos of central galaxies with the same lumi-
nosity when only the central is the only galaxy in the group.
The other curves show the results of the self-calibrated group
finder applied to different versions of MockB where the value
of r2 is varied. The open squares show the scatter in MockB
multiplied by r2.
and Lsat—and the predicted quantities of fsat and the
LHMR.
The left-hand side of Figure 2 is a quartet of panels
plotting the color-dependent clustering in bins of magni-
tude. Consistent with SDSS results (Zehavi et al. 2011),
the red galaxies in the mock are significantly more clus-
Figure 9. Errors in halo mass from the analysis of MockB
with r2 = 0.87. The blue cuves show the results from the
self-calibrated group finder, where the solid curve is the
mean halo mass and the dotted curves indicate the inner-
68% range of values. The results from the standard group
finder are shown with the gray curves, indicating that the
self-calibrated algorithm yields roughly a factor of two im-
provement in the accuracy of logMh. The inclusion of the
χ-Lsat data from Figure 7 provides the information that im-
proves these constraints. Increasing r2 shrinks the shaded
region. Increasing σlogL in the mock will increase the errors
for both algorithms.
tered than the blue galaxies. This is due to the higher
fsat for red galaxies relative to blue galaxies. On the
right-hand side of the Figure is the ratio of the Lsat val-
ues for red and blue central galaxies. As discussed in §2,
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the blue galaxies in MockA are brighter than the red
galaxies at fixed halo mass. Thus, when binning by the
Lgal, the halo masses—and therefore the Lsat values—
for the red galaxies are higher.
Figure 2 highlights several of the issues of the stan-
dard group finder discussed in the introduction. The
dotted curves in all panels show the results of applying
the standard group finder to MockA, with Bsat = 10.
For blue galaxies, the halo occupation inferred by the
standard finder yields clustering that is in good agree-
ment with the clustering of the mock catalog, but the
halo occupation of the red galaxies underpredicts the
clustering by a significant amount. In the right-hand
panel, the standard group finder yields a Lredsat/L
blue
sat ra-
tio that is nearly unity across the full range of central
galaxy luminosity, even though the blue galaxies in the
mock reside in more massive galaxies. In the mock, the
red central galaxies will have more spectroscopic satel-
lite galaxies than the blue central galaxies at fixed Lgal,
but this effect by itself is not enough to yield the proper
halo masses.
The color-dependent satellite fractions of the mock,
fsat, are shown in the left-hand side of Figure 3. For
blue galaxies, fsat is largely constant with Lgal until
galaxies get brighter than the knee in the luminosity
function (Lgal ∼ 1010.04 h−2L, according to the Blan-
ton et al. 2003 results). fsat for red galaxies monoton-
ically increases with decreasing Lgal, reaching ∼ 90%
at Lgal ≈ 108.7 h−2L. These results are consistent
with the HOD fitting of SDSS clustering in Zehavi et al.
(2011). Here we see the reason that the standard group
finder woefully underpredicts the small-scale clustering
of red galaxies: the predicted fsat is much lower than the
mock value, never getting higher than ∼ 60%. The fsat
for blue galaxies is slightly higher than the mock value—
the overall fsat (not plotted) is in good agreement with
the standard mock, but this agreement is due to a can-
cellation of errors by overpredicting the number of blue
satellites and underpredicting the number of red satel-
lites. At low luminosities most galaxies are blue, so the
discrepancy is much larger for the red sample.
The right-hand side of Figure 3 shows the LHMRs for
red and blue galaxies. The mean Lgal for blue and red
central galaxies diverge at Mh & 1011.5 h−1M, but be-
cause the central galaxy dominates the total luminosity
in the group, the standard finder has no way of deter-
mining this. Thus, the standard finder’s LHMRs for red
and blue central galaxies only separate at much higher
Mh, once the number of satellite galaxies in the halos
dominates the total luminosity in the halo. These prob-
lems are ameliorated substantially in the self-calibrated
algorithm, the results of which we show presently.
4.1. MockA
The solid curves in both sides of Figure 2 show a
markedly improved comparison to the mock data rel-
ative to the results from the standard group finder. In
Figure 10. Purity and completeness for group finders ap-
plied to MockB. Solid curves indicate results results from
the self-calibrated algorithm while dotted curves show the
results from the standard group finder. Results are broken
down into four galaxy classifications: red centrals, blue cen-
trals, red satellites, and blue satellites. Completeness is de-
fined as the fraction of galaxies in a given classification in the
mock that have the same classification in the group catalog.
Purity is the fraction of galaxies in a given classification in
the group catalog that have the same classification in the
mock. Note the change in y-scale in each of the panels.
the left-hand side, showing the color-dependent cluster-
ing, the improved fit by the self-calibrated group finder
is due mainly to the extra freedom in the thresholds that
determine inclusion as a satellite in a larger group. The
best-fit parameters, listed in Table 1, indicate that Bsat,r
is much lower than the fiducial value of 10, with a signif-
icant positive slope with logLgal. Bsat,b is still constant
with luminosity, but the best-fit value is 16.6. Both of
these adjustments yield a good fit to the clustering, as
well as an improved comparison to the satellite fractions
in the left-hand side of Figure 3.
The self-calibrated finder also yields a good fit to the
Lsat data in the right-hand panel of Figure 2. This is
due to the weights, wcen,r, and wcen,b, that are applied
to the luminosities of the central galaxies when rank-
ordering the groups for halo mass assignment. Figure 4
shows the ratio of wcen,b/wcen,r for the best-fit model.
The difference at the low-mass end, Mh . 1011.5, is due
mainly to how the samples are binned; the mock sample
has a hard cutoff at Lgal = 10
8.6 h−2L, while the group
catalog yields a cutoff at fixed halo mass. Thus, even
though the intrinsic relations may be equivalent in the
mock and the catalog, the binned quantities can diverge
when the bins encompass the limits of the sample.
4.2. MockB: fsat and LHMR
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Figure 11. Purity and completeness for group finders
applied to MockA. All curves and definitions are the same
as Figure 10.
The clustering and Lsat observables for MockB are
shown in Figure 5. While the clustering is very similar
to that of MockA, the Lsat values are quite different,
with the Lsat ratio being equal to unity across the full
range of central galaxy luminosity. The satellite frac-
tions and LHMRs for red and blue galaxies in the mock
are shown in Figure 6. The satellite fractions are similar
to MockA, but the LHMR for red galaxies is slightly
higher than that for blue galaxies at all halo masses.
The reason for the difference is discussed in §2.3, due to
the criteria by which galaxies are assigned their colors.
The results of the standard group finder are shown in
each panel in both figures with the dotted lines. In con-
trast to MockA, the clustering of red galaxies is well-fit
by the standard finder. However, now the clustering of
blue galaxies is significantly higher than the mock ob-
servables. The source of the discrepancy with the clus-
tering of blue galaxies is found in the left-hand side of
Figure 6; the satellite fraction of blue galaxies is ∼ 25%
higher than the mock value of 0.20. The dramatic differ-
ence in the clustering highlights the sensitivity of wp(rp)
to fsat.
Because the mock is constructed to have Lsat values
the same for red and blue central galaxies, the stan-
dard finder yields a good fit to the Lredsat/L
blue
sat observ-
able, shown in Figure 5. In the right-hand side of Figure
6, the standard finder yields LHMRs for red and blue
galaxies that are virtually identical. The shape of both
LHMRs is somewhat steeper than the mock values as
well. This is due to the increasing fraction of red galax-
ies with Lgal; at low Lgal, most galaxies are blue and
thus both LHMRs track that of the blue LHMR of the
mock. At higher Lgal, most galaxies are red, thus the
dotted lines track the red LHMR.
In both figures, the result of the self-calibrated galaxy
group finder are shown with the solid lines. MockB has
the addition of the χ-parameter, and its correlation with
Lsat. Figure 7 shows the correlation between χ and Lsat,
in bins of Lgal, broken into red and blue galaxies. In each
bin of Lgal, the results are normalized by the mean Lsat
within the bin. For plotting purposes, we offset each Lgal
bin by a constant that increases monotonically with bin
luminosity. The curves show the best-fit model from the
self-calibrated group finder. Recall that the coefficient of
determination is r2 = 0.87 for this model, which yields
correlations of Lsat with χ that are consistent with the
Alpaslan & Tinker (2020) results. The best-fit weight
parameters are ωχ,r = 1.5 and ωχ,b = 1.6. These values
vary inversely with r2, as larger values of ωχ reduce the
wχ weights in Eq. (17). For the versions of MockB
with r2 = 1.0 and 0.71, the values of ωχ are 1.3 and 1.9,
respectively, for both red and blue galaxies.
Figure 6 compares the self-calibrated group finder’s
prediction for the LHMRs to the actual values in the
mock. The prediction correctly separates the LHMRs
between the two, with the red galaxies being ∼ 0.2 dex
higher in luminosity at fixed Mh. It is the inclusion
of the χ-Lsat data that allows the self-calibrated group
finder to correctly determine that the LHMRs for red
and blue galaxies are distinct. The Lredsat/L
blue
sat data are
equal to unity, and are well-fit by the standard group
finder. But the χ-Lsat data provides information on the
scatter of Lgal at fixed Mh, which drives the difference in
the LHMRs. We discuss scatter in more detail presently.
4.3. MockB: Scatter and Mass Errors
The addition of the χ parameter in the model fitting
allows us to differentiate the halo masses of galaxies in
halos that have no spectroscopic satellites. Thus, this
additional freedom makes the new group finder able to
estimate the scatter of logLgal at fixed Mh, σlogL. Fig-
ure 8 shows the true scatter in MockB, as well as the
results of various implementations of the self-calibrating
group finder. As described in §2, the input scatter is
variable, being consistent with observational constraints
of σlogL ∼ 0.2 at high masses, and increasing to ∼ 0.35
at low Mh. The scatter estimated by the standard
group finder is shown with the dotted black curve. At
Mh & 1013 h−1M, it estimates a value of σlogL ∼ 30%
below the true value, consistent with results from Red-
dick et al. (2013) and Cao et al. (2019). However, as also
shown in these works, the scatter in the standard group
catalog approaches zero as Mh approaches the minimum
halo mass in the catalog.
The results of the self-calibrating group finder are
shown with the other curves in Figure 8. Here, we show
the results for three different versions of MockB, with
values of r2 = 0.71, 0.875 and 1.0. The true σlogL—and
all other properties of the mock—do not change; only
the value of r2 and thus the slope of the correlation be-
tween χ and Lsat (e.g., Figure 1. When r
2 = 1.0, i.e., the
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]
Figure 12. Observed properties of, and group finder fit to, MockUM. The quartet of panels on left-hand side of the figure
show the projected correlation function in bins of logM∗, for red and blue galaxies. The measurements from the mocks are
indicated by the points with error bars; red and blue colors indicate red and blue galaxies. The solid curves are the best-fit
group catalog result. The large panel on the right-hand side shows the Lsat ratio between red and blue galaxies at fixed Lgal.
Points and curves are the same as the clustering panel.
normalized galaxy property χ correlates perfectly with
the halo mass, the new finder recovers the true scatter
of the mock. When r2 is below unity, the variance in
χ no longer encodes all the information about the vari-
ance in Mh, thus the new finder’s estimate of σlogL is
biased low relative to the true value. Figure 8 shows that
that scatter inferred by the group finder is equivalent to
r2 × σlogL.
The inclusion of the χ-Lsat data increases the finder’s
ability to accurately estimate halo masses themselves.
Figure 9 shows the ratio of the halo mass assigned
by the group finder to the true halo mass within the
mock, log(Mgrp/Mtrue), as a function of Mtrue. At 10
13
h−1M, the standard deviation is ∼ 0.2 dex, which
is roughly a factor of two improvement over the stan-
dard group finder. The self-calibrated algorithm also
yields unbiased halo masses, correcting the small bias of
∼ 0.1− 0.15 dex in the standard finder.
4.4. Purity and Completeness
Figure 10 compares the purity and completeness in
the self-calibrated group catalog to the standard group
catalog when applied to MockB. We calculate these
quantities for four classifications of galaxies: red central
galaxies, blue central galaxies, red satellite galaxies, and
blue satellite galaxies. We define completeness as the
fraction of galaxies in original mock that have the same
classification in the group catalog. We define purity as
the fraction of galaxies in the group catalog that have
the same classification in the original mock.
Although the self-calibrated group finder shows higher
purity and completeness relative to the standard finder,
we not that this is not always the case. The standard
finder outperforms by ∼ 5% the self-calibrated algo-
rithm in the completeness of low-luminosity red cen-
tral galaxies. This is a result of the enhanced purity of
red centrals in the self-calibrated catalog, which yields
an improvement of ∼ 15% in that quantity. There is
a competition between purity and completeness, espe-
cially when the subsample in question—red centrals—is
the smallest category.
The self-calibrated group finder yields most notable
improvements in the completeness of blue centrals,
the completeness of red satellites and low luminosities
and the purity within the same classification at high
luminosities, and the purity of blue satellites at all
masses. The competition between purity and complete-
ness causes the self-calibrated algorithm to do slightly
worse than the standard approach in the purity of blue
centrals and the completeness of blue satellites. But the
improvements gained by self-calibration are significantly
larger.
To see how the use of the χ-Lsat data in MockB im-
pacts the purity and completeness, we also show the
same statistics, but for MockA, in Figure 11. The com-
parisons between the standard and self-calibrated algo-
rithms are analogous to those in Figure 10. Differences
in the overall curves at high luminosities, Lgal & 1010
h−2L are driven by the use of the Blanton luminos-
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ity function, which falls off much more rapidly than the
Bernardi luminosity function.
4.5. UniverseMachine
Figures 12 and 13 show the mock values from the Uni-
verseMachine mock and the best-fit model of the self-
calibrating group finder. Here, stellar mass is the quan-
tity by which we rank-order the groups. Although the
red galaxy clustering is enhanced relative to the that
of the blue galaxies, like the luminosity mocks and the
SDSS MGS results, fsat for red galaxies is significantly
lower than those results, while fsat for blue galaxies is
∼ 50% higher—fsat = 0.3 versus 0.2. The Lredsat/Lbluesat
ratio is slightly above unity, even though the SHMRs
are approximately the same. The self-calibrated group
finder produces good fits to both the clustering and the
Lsat ratio, which yield accurate predictions of the satel-
lite fraction and the SHMRs for the red and blue sam-
ples. The paucity of blue central galaxies in halos above
1012 h−1M creates noise in the blue SHMR, but the
self-calibrated finder predicts that the SHMRs of the
color samples are roughly equal. The SHMR for blue
galaxies is somewhat underpredicted, by ∼ 0.15 dex.
The gray shaded region shows the ratio total satellite
stellar mass, rather than our fiducial approach of satel-
lite luminosity. This is to compare our method of assign-
ing Lsat to UM halos—which is based on Mh only—to
the intrinsic values from the UM model. As discussed
previously, galaxy quenching in UM depends on multi-
ple factors, including halo formation history, which may
correlate with the number of subhalos in a given halo.
However, the Lsat ratio is consistent with the M∗,sat
ratio, implying that the empirically-driven quenching
processes are not significantly impacting the observables
used in the self-calibration process.
5. CAVEATS AND FUTURE WORK
Although the self-calibrated group finding algorithm
developed here presents a potential solution to some of
the problems inherent to group finders, some issues re-
main.
Group Centering: This standard halo-based algorithm
constructs a group catalog where the central galaxy is al-
ways the brightest in the halo. This is also the choice in
the percolation-based algorithm of Berlind et al. (2006).
The algorithm of Eke et al. (2004) and Robotham et al.
(2011) chooses the brighter of the two galaxies closest to
the luminosity-weighted group center. For the vast num-
ber of halos, these are reasonable assumptions. How-
ever, given the scatter between Mh and Lgal, combined
with the fact that d logLgal/d logMh < 1 at high halo
masses, some fraction of halos will contain a piece of
substructure that contains a galaxy brighter than the
central galaxy. This has been detected, statistically, in
observational data, by Skibba et al. (2011).
The self-calibrated algorithm we describe in the pro-
ceeding section also makes this assumption. Improving
on this assumption is a topic of current research, which
we leave to a future paper. We can estimate the degree
of the problem through our abundance matching cal-
culations, but the results depends on the assumptions
made. Assuming the Blanton et al. (2005) luminosity
function and σlogL = 0.2, for halos with Mh ≥ 1013
h−1M, a subhalo is brighter than the central 26% of the
time. However, expressed as the fraction of groups with
centrals brighter than Mr−5 log h < −21—the luminos-
ity scale at which the mean halo mass is also ∼ 1013 M,
this occurs only 3.3% of the time. These assumptions
maximize this frequency. Lange et al. (2019) constrain
σlogL using satellite kinematics (as opposed to other re-
cent works that measure σlogM∗) at Mh & 1013 to be
∼ 0.15, and to be a decreasing function with increasing
Mh. Using this value, and the Bernardi et al. (2013)
luminosity function, these values become 5.0% for halos
and 1.5% for groups.
As can be seen from our mock results, misidentifica-
tion of the central galaxy has limited impact on our
results. The LHMR and SHMR values recovered are
unbiased relative to the input values in the mocks. The
most direct consequence is in estimating fsat for bright
galaxies—if a the brightest galaxy in a group is always
considered the central, this artificially suppresses fsat at
the bright end (Reddick et al. 2013). This effect can be
seen in our results (e.g., Figures 3, 6, and 13).
Galaxy Assembly Bias: An inherent assumption in all
halo-based group-finders—indeed, in any group finder
that uses Lgrp to estimate Mh—is that the amount of
light in satellite galaxies is a function of the halo mass
only. For dark matter halos, we know that the number
of halos depends on the formation history of the halo
as well (Zentner et al. 2005; Gao & White 2007; Croft
et al. 2012; Mao et al. 2018). At fixed Mh, older halos
have less substructure. This is one of the many manifes-
tations of halo assembly bias (e.g., Wechsler & Tinker
2018). How much this propagates into the population
of satellite galaxies—e.g., whether there is significant
galaxy assembly bias—is not clear. Alpaslan & Tinker
(2020) find a small but non-zero trend of Lsat decreas-
ing with large-scale density. The trend goes in the di-
rection expected—older halos live in higher-density en-
vironments, thus the expectation is that Lsat should
decrease with density. However, the amplitude of the
change in Lsat is only ∼ 2% at the highest and low-
est values of density measured. If galaxy assembly bias
exists, it is not a strong effect on the total luminosity
in satellite galaxies. Predictions of Lsat from the Il-
lustrisTNG hydrodynamic galaxy formation simulation
(Pillepich et al. 2018) are in agreement with the obser-
vational results, showing little to no correlation of Lsat
with large-scale density (Cao et. al., in prepration).
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Figure 13. Left-Hand Panel: Satellite fraction, fsat, as a function of M∗, for red and blue galaxies. Colored circles show
values from MockUM. The solid curves show the predictions from the self-calibrated group finder. Right-Hand Panel: The
SHMRs for red and blue galaxies. Filled circles show the values from MockUM. Solid curves show the predictions from the
self-calibrated group finder.
An additional concern is the use of Lsat data with sec-
ondary galaxy properties. If a galaxy property correlates
with halo formation history at fixed M∗, then the cor-
relation of that property with Lgal would trace galaxy
assembly bias, as opposed to constraining Mh. The bi-
modal distribution of galaxy colors and star-formation
activity has been a focus of observational studies of as-
sembly bias, with most studies finding that the data are
inconsistent with strong a correlation between whether a
galaxy is on the red sequence and halo formation history,
and weaker correlations are difficult to detect observa-
tionally (Tinker et al. 2008, 2017, 2018b; Zu & Man-
delbaum 2016, 2018; Calderon et al. 2018). The lensing
results of Mandelbaum et al. (2016), demonstrating that
red central galaxies live in more massive halos than blue
centrals at fixed M∗, are in agreement with the Lsat re-
sults for red and blue galaxy samples, implying that Lsat
is probing Mh for this galaxy property.
For the hypothetical galaxy property, χ, an observa-
tional test proposed by Tinker et al. (2019a) is whether
the value of χ correlates with large-scale density. Al-
paslan & Tinker (2020) find that the properties of red
central galaxies are all consistent with no correlation
with large-scale density, but for blue galaxies there
are non-zero correlations for stellar velocity dispersion,
galaxy size, and Sersic index. Calderon et al. (2018) also
find a possible assembly bias signal for Sersic index as
well. This limits the choices available for χ on real data,
but candidates remain, including galaxy concentration
and surface density.
Future Work: The self-calibrated group finder is ready
to be run on SDSS MGS data. All clustering and Lsat
data are already in place and results will come in a com-
panion paper to this one.
DESI-BGS has begun taking data, and by the end of
the first year of observations (out of five total) will have
four times as many redshift as the MGS. The longer
redshift baseline afforded by the BGS, which will tar-
get galaxies ∼ 2 magnitudes deeper than the SDSS
limit, will open the door to investigating evolution of
the galaxy-halo connection with a single galaxy sample.
Future development of the self-calibration algorithm
will also help utilize the constraining power offered by
ongoing and upcoming surveys. Specifically in regards
to the possibility of galaxy assembly bias, rather than
selecting galaxy properties that appear to lack any de-
tectable correlation with secondary halo properties, fu-
ture implementations may rather lean in to these ob-
served signals, with the goal of estimating not just the
halo masses of galaxy groups, but other halo properties
as well. New data will be required to constrain these
new freedoms in the model, but upcoming data is well-
positioned to provide robust measurements of statistics
sensitive to assembly bias, including density correlations
(Abbas & Sheth 2006; Tinker et al. 2018a), marked cor-
relation functions (Skibba et al. 2006; Zu & Mandel-
baum 2018; Calderon et al. 2018), void statistics (Tinker
et al. 2008; Walsh & Tinker 2019), and the cosmic web
(Tojeiro et al. 2017).
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